Introduction
This chapter contains the work of continuous-wave (CW) terahertz (THz) radiation; the THz waveform generation, propagation and detection. THz technology attracts increasing interest due to its versatile application possibilities in medical imaging, spectroscopy, THz communication, nondestructive screening, and identification of many chemical elements. For such applications, it is necessary to realize compact and cost-efficient THz sources, which emit a broadband spectrum on the one hand, and can be tuned in frequency with a narrow linewidth on the other hand. Thus, the realization of a compact, cost-efficient and frequency-tunable CW THz radiation source was presented in this chapter. The principle of THz wave generation is by exciting the phonon-polariton in bulk GaP crystal on the basis of nonlinear optical method. The theoretical concept of difference frequency generation (DFG) on the basis of non-linear optics is well known. The generation of widely tunable CW singlefrequency THz waves from GaP based on laser diode (LD) pumping is described in this chapter. DFG method is a parametric process based on second-order nonlinearities has recently been proved to be one of the most promising techniques for the efficient generation of widely tunable, monochromatic, high-power and coherent THz wave with a suitable combination of light sources and nonlinear optical (NLO) crystals. The region of the electromagnetic spectrum from 0.1 THz to 10 THz is very attractive because THz waves have a variety of applications in several fields. In 1963, Nishizawa [1] , [2] proposed the generation of THz waves via resonance of phonons and molecular vibrations in compound semiconductors, following the realization of a GaP semiconductor laser [3] , [4] . An electromagnetic wave with a frequency of 12.1 THz was generated from GaAs pumped by a GaP Raman laser at a power of 3W [5] . Our group succeeded in generating wide frequencytunable high power THz wave signals from GaP with Q-switched pulse pumping [6] . Also, time domain THz sources have been developed based on femto-second pulsed lasers [7] [8] [9] [10] . Compared to pulsed THz sources, continuous-wave (CW) THz sources provide a THz spectrum with a narrower line width and a higher spectral THz power [11, 12] . The potential applications of CW THz waves include high resolution THz spectroscopy, multichannel telecommunications and imaging technologies [13] [14] [15] [16] [17] [18] [19] . Several CW THz wave sources such as, Gunn diodes, TUNNETT diodes, backward wave oscillators, CO 2 -laser pumped gas lasers, sources based on nonlinear optical difference frequency generation(DFG) [20] , optical parametric oscillators [21] , free-electron lasers, quantum cascade lasers [13, 14] and photo mixers [15] [16] have been developed.
Broadband tunability and power levels of at least tens of microwatt are highly desirable for CW THz spectroscopy. In addition, it is also desirable that the THz source is compact, costefficient and operating at room temperature. Some CW THz sources listed above can deliver sufficient power. However, either they are bulky, expensive and/or have a limited frequency tunability. CW THz sources that are compact and tunable throughout the frequency range from 100 GHz to 10 THz with tens of microwatt power levels still remain a technological challenge. A simple configuration of THz sources even is desired for easy maintenance of the devices. Moreover, the stability of THz radiation is a requirement for reliable measurements. Pumping with narrow linewidth diode lasers in nonlinear optical method of DFG will enable the generation of narrow linewidth CW THz waves of a MHz order. Semiconductor lasers are stable at light intensities, and spectrometers using CW THz waves do not need prolonged measurements with much repetition. With this motivation, we had successfully generated tunable CW THz waves from GaP crystal with diode laser pumping in the frequency range of 0.69 -2.74 THz [22] . However the output power was limited to in the order of pW in that configuration. By using a two fiber amplifier system for amplifying the optical power of input diode lasers, we have reported that the output power of THz waves was improved nW order with employing a 20 mm long GaP [23] . In addition, the frequency of THz wave was tuned up to 4.42 THz in that configuration.
CW THz wave generation emission system with diode laser pumping using GaP crystal
Semiconductor NLO crystals with birefringence, such as ZnGeP 2 and GaSe, have been widely used as DFG crystals for THz generation due to their exotic nonlinear optical properties in the THz region [24, 25] . When the process of difference frequency mixing is phase matched using birefringence, a coherent and powerful THz wave will be obtained. Zinc blende semiconductor crystals, such as GaP is an excellent candidate for the generation of the THz radiation via difference frequency mixing. These crystals have relatively high damage threshold compared with organic crystals and can be grown with high purity and large size. Especially, their second-order nonlinear susceptibilities, χ (2) , are one or two orders of magnitude larger than those of typical second-order nonlinear materials such as LiNbO 3 and KTP [26, 27] . Furthermore, their absorption coefficient in the THz region is several times smaller than that of LiNbO 3 [28] . It is well known that, in the anisotropic birefringent crystals, the input pump and signal waves, and , for difference frequency mixing, and the generated THz wave, , are generally all in the same transmission window of the nonlinear crystal. In other words, their corresponding refractive indices all belong to the same dispersion curve. The dispersion is negative for three interactive waves, that is, 
Where n k is the refractive index at the wavelength k λ (k = p, s, T). It is easy to satisfy the phase-matching conditions for DFG based on the normal dispersion property of nonlinear crystals and birefringence phase-matching technique. As for optically isotropic materials, such as GaP doesn't possess any birefringence. Fig. 1 shows the dispersion relation for the GaP crystal, which are generated according to its Sellmeier equation [29] . For the case of www.intechopen.com THz-wave generation using DFG technique, the interacting pump and signal sources are generally in the NIR transmission window of the nonlinear crystal (curve with blue color as shown in Fig. 1 ), while the generated THz wave is in the FIR transmission window (curve with red color as shown in Fig. 1 ), on the other side of the crystal's Reststrahlen band, corresponding to the larger refractive indices. In the process of THz-wave DFG, the energy conservation condition is well known and is given by
and the momentum conservation condition is given as , or
On the basis of DFG, continuous-wave (CW) THz wave generation is possible from GaP by pumping with laser diodes. We demonstrated the generation of a narrow line width, higher power, and wide frequency tunable THz waves using various GaP crystals and NIR beam spot sizes. It is known that the frequency resolution and the power stability of the THz waves are determined by the input lasers line width and power stability. The advantages of laser diodes are: narrow line width of a few MHz, wide frequency tunability with stable output power and hence we chosen a distributed feedback (DFB) laser and an external cavity laser diode (ECLD) as pump and signal lasers. It is well known that the output power of the generated THz waves in difference frequency generation (DFG) is related to the input laser powers as follows [30] where P 1 , P 2 are the effective powers of the pump and signal beams. L is the effective interaction length of the two near-IR beams inside the crystal (GaP), and S is the crosssectional area of the pump and signal beams defined by the 1/e 2 radius of the Gaussian beam, and A is a material constant for generating THz waves. From above equation (4), it is known that THz power scaling can be possible by (i) increasing the pump and signal powers P 1 , P 2 .
(ii) proportional to the square of crystal length (iii) inverse proportional to the pump beam cross-sectional area, S. Hence we used two Yb doped fiber amplifiers (FAs) to amplify the output power of each laser diode as shown in the fig. 2 (a).We studied the THz output power relation with various lengths of GaP crystals over a wide frequency range and also the THz power dependence with beam spot size of pump and signal lasers
Experimental method
The experimental set up for CW THz wave generation is shown in the Fig. 2 (a). The pump and signal lasers are DFB laser and an ECLD respectively. The wavelength of DFB laser is automatically tuned from 1058 -1061 nm with a line width of 2 MHz by changing the temperature of the diode. The wavelength of ECLD can be manually tuned from 1020 nm to 1080 nm with a line width of 2MHz. Polarization maintained (PM) ytterbium-doped two Fiber amplifiers (FAs) are used to separately amplify the output power of each laser diode up to 2 W. The amplified laser beam from each FA is collimated to a diameter of 3 mm with a circular shape by using micro lenses of focal length 8.5 mm. A very small angle between the two beams is needed for DFG to satisfy non-collinear phase matching condition. So finally the collimated beams from each FA are combined on a cubic polarizer, which is mounted on a linear and rotating stage platform. An efficient spatial overlap of NIR laser beams is automatically realized on the input surface of a GaP crystal at any angle of the beams by adjusting the translation movement of the beam combiner. To investigate the THz wave power dependence on GaP crystal length, we used 2.5mm, 5 mm, 10mm, 15 mm, 20 mm long and 3 mm thick undoped semi-insulating GaP crystals in the experiment. The GaP is cut into a rectangular shape of length in <110> direction and thickness in <001> direction. 
Results and discussion
Figure 2(b) shows typical GaP crystal cut for non-collinear phase matched DFG at ω THz = ω 1 -ω 2 where ω 1, ω 2 are frequencies of ECLD and DFB lasers respectively. The ω 1 beam incident along normal to the input face and ω 2 beam is incident at an external angle θ in ext so that the angle between two input beams inside the GaP crystal is 1 
Where n = 3.105 is the refractive index at the frequency, ω 2 . Under phase matched conditions, the ω THz propagates at an angle (ψ) relative to the ω 1 beam as shown in fig. 2(b) . The critical angle for total internal reflection ∼ 17. 4° in GaP. We generated THz waves over a wide frequency range from 0.69 -4.42 THz as θ in ext is varied from 8′ to 45′. Figure 3 shows the phase-matching angle (θ in ext ) dependence of the THz wave output power at various THz frequencies, where θ in ext is angle between the two lasers outside the GaP crystal. THz waves are generated over a wide range from 1.4 THz -4.42 THz as θ in ext is varied from 8′ to 45′. In this measurement, the GaP crystal is 10 mm long and the pump beam is incident nearly normal to the crystal surface. The linewidth of THz wave is estimated to be 4 MHz. The combined beam spot size of lasers on the GaP surface is 700µm and polyethylene lens is used to collect the emitted THz waves. θ is angle between the two lasers outside the GaP crystal. Fig. 4 shows the phase matching angle relation with THz wave frequency. The slope of the experimental data is 0.154/ THz = 2.67 mrad/ THz while slope of the solid curve is calculated as 2.91 mrad/THz. The experimental data agrees with the theoretical value, which is the θ in ext curve as a function of THz wave frequency for phonon-polariton branch of GaP. Increasing θ in ext shifted the generated THz wave frequencies slightly higher, similar to the result of pulse pumping. A continuously frequency tunable from 1.4-4.42 THz can be generated in GaP crystal by sweeping the wavelength of the pump laser. Fig. 5 shows the frequency dependence of THz wave maximum power. It is seen that the THz wave power increases rapidly from 1.4 -2.1 THz as the θ in ext is varying from 8-16.2'. The THz wave maximum power is remained over a frequency range 2.1 -3.2 THz.
In the lower frequency (below 2 THz) the free carrier absorption is dominant. The carrier concentration of GaP is n ≈ 10 12 cm -3 . The THz wave power in the 3.2 -4.42 THz frequency region decreases rapidly. For frequencies above 4.5THz, the deviation increases considerably because of the dispersion curve of the polariton branch of GaP. The length of the GaP crystal (L) is 10 mm and the beam spot size (φ) of NIR lasers on the GaP input surface is 700µm. It is estimated that for the frequency 4.5 THz, the generated THz wave www.intechopen.com propagates with an angle ψ ∼ 17.5°, which is same as the critical angle for total internal reflection in GaP. To generate THz waves above 4.5 THz, we need to rotate the GaP crystal relative to the input lasers to prevent the total internal reflection. 
where P 1 , P 2 are the effective powers of the pump and signal beams. L eff is the effective interaction length of the two near -IR beams inside the crystal (GaP), d eff is the effective nonlinear coefficient, λ 1 is the output wavelength of THz wave, n 1 , n 2 , and n 3 are the indices of refraction for pump, signal and THz beams respectively, c is the speed of light in vacuum, ε 0 is the permittivity constant and S is the cross-sectional area of the pump and signal beams defined by the 1/e 2 radius of the Gaussian beam. The power density of the two laser diodes are enhance up to 2 W each by employing two ytterbium doped polarization maintained fiber amplifiers (FAs). When the pump power is limited the THz wave power can be improved by (i) employing longer GaP crystal and (ii) decreasing the beam spot size of the near-IR lasers.
THz wave power dependence with GaP crystal length
We have investigated the THz wave output power dependence on GaP crystal length. THz waves are generated using 2.5, 5, 10, 15 and 20 mm long GaP crystals over the frequency range from 1.5 -3 THz as θ in ext is varied from 9′ to 23.6 ′. The bandwidth for half the maximum power was about 600 GHz when the θ in ext is fixed. Generated THz waves are detected with a calibrated Si bolometer. The beam spot size (φ) of the pump and signal beams are 700 µm. Fig. 6(b) , shows the theoretically predicted THz wave output power behavior against the GaP crystal length at frequencies 1.5, 2 and 3 THz respectively. In estimating the THz wave power, we taken into account of the effective interaction length (L eff ) of the two NIR beams in non-collinear configuration and also the THz wave absorption effects in GaP crystal at each frequency. The experimental data of THz wave power with GaP crystal length for frequencies 1.5,2 and 3 THz is shown in fig. 6(a) , and it is seen that for frequencies 1.5 and 2 THz, the THz power is increased with 2.5 -20 mm long crystals as expected from the theory. The THz wave power is not saturated even for 20 mm long GaP crystal. But for frequency 3 THz, the THz wave power increased for 2.5-10 mm long GaP crystals and decreased with 15 and 20 mm long crystals. This behavior is clearly agrees with the theoretical prediction as shown in the fig. 6(b) .
The reasons may be the power losses due to absorption effect in GaP are not dominant even for 20 mm long crystal at 1.5 and 2 THz in the lower the frequency region, however at higher frequencies (above 2.5 THz) the THz absorption effects in longer crystals may not be negligible in GaP crystal [31] . The THz power is expected with proportional to the square of the effective crystal length L eff . Here L eff represents the effective interaction length of the NIR beams in non-collinear phase-matched mixing and is given by
Where L is length of GaP crystal, φ is beam spot size of the input laser beam, ψ is angle of generated THz wave inside GaP relative to the pump beam as shown in fig. 2(b) .
The fig. 7 indicates that the advantage of using a longer crystal is not applicable at higher frequencies (above 2.5 THz) due to the THz wave absorption effects in longer GaP crystals. Optimal GaP length (mm) THz frequency Fig. 7 . The optimal GaP crystal length for THz wave frequency to obtain the maximum power.
THz wave power dependence with beam spot size of pump and signal lasers
The THz wave power is inversely proportional to the spatial overlap of cross-sectional areas of pump and signal lasers, and hence the enhancement of output power is possible by decreasing the beam spot size of the pump and signal lasers. We have investigated the THz wave power dependence for various beam spot sizes (1.2 mm-300 µm) of input near-IR lasers at a frequency of 1.62 THz using a 10 mm long GaP crystal. Focal lengths of 600 -150 mm were used to achieve the beam spot sizes of 1.2 mm -300 µm. A polyethylene lens with a diameter 2.5 cm was used to collect the THz waves in this configuration. It is seen from fig. 8(a) that THz wave power sharply increased as the beam spot size was reduced from 1.2 mm-500 µm. This behavior agrees with the theoretical calculation as shown in the Fig. 8(b) . However, for beams spot sizes of 400 µm and 300 µm, the THz power was decreased. The output power discrepancy between the experimental data and theory in this region may have been caused by the divergence effect of the THz waves. Thus, in order to under-stand the reason for power decrement, the THz wave divergence effect at beam spot sizes of 1.2 mm and 300 µm was considered.The beam divergence of THz wave was estimated to be ∼ 5.6° and ∼ 22. 4° for near-IR beam spot sizes of 1.2 mm and 300 µm, respectively. Fig. 9 shows the THz wave divergence inside the GaP crystal along <110> direction for the near-IR beam spot size 300 µm. This shows that the beam divergence of THz wave was very dominant for near-IR beam spot sizes of 300 µm, as the beam spot size is of the same order as that of the wavelength of the generated THz waves. Another reason for reduction of the THz power in this region (500-300 µm) may be that the effective interaction length L eff is increases as square root of beam spot size for a given value of crystal length. Fig. 10 . shows the dependence of L eff on beam spot size of input lasers. It is seen that for the near-IR beam spot sizes below 400 µm, the effective interaction length is less than 4 mm and THz beam divergence is very significant. So in order to achieve high-power, one has to consider effects of beam divergence, the effective interaction length of the NIR beams, and also the absorption in the crystal. It is known that the GaP lattice absorption is dominant in the high frequency region (above 2.5 THz), and also effective interaction length is increases with beam spot size of NIR lasers. Therefore it is very important to select these parameters (frequency, crystal length, beam spot size) in order to improve the THz wave power. 
Applications
We constructed a high resolution terahertz (THz) spectroscopic system with an automatic scanning control using our CW THz wave source 11(a). The wavelength of DFB laser was automatically tuned from 1058-1061 nm with a line width of 3 MHz by changing the temperature of the laser. The wavelength of the ECLD was manually tuned from 1020 nm -1080 nm with a line width of 4 MHz. Two polarization maintained (PM) ytterbium doped FAs were used to separately amplify the output power of each laser diode up to 2 W. Using micro lenses with focal lengths of 8.5 mm, the amplified laser beam from each FA was collimated to a diameter of 3 mm with a circular shapeA very small angle between the two near-IR beams was required for the DFG to satisfy the non-collinear phase matching condition [22] . The phase-matching condition is fulfilled automatically by rotating and linearly translating the cubic polarizer with a PC controller via GPIB interface using visual basic software. Thus, an efficient spatial overlap of near-IR laser beams was automatically realized on the input surface of a GaP crystal at any beam angle. The near-IR beam spot size is focused to 700µm on the GaP input surface by using lenses with focal lengths of 500 mm. GaP crystals of 10 mm and 15 mm long were cut into a rectangular shape, its length being in the <110> direction and its thickness being in the <001> direction. These parameters such as beam spot size and crystal length are very important to obtain the improved THz wave power [23] . Both the input and output faces of crystal were coated with Al 2 O 3, using EB-evaporation after mechanical polishing and chemical etching. The polarizations of the pump and signal beams were adjusted in the <001> and <110> directions, respectively. The frequency stability of diode lasers was measured with Fabry-Perot interferometer in confocal configuration for duration of 3 hours at room temperature (298 K). Figure 11 
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The free spectral range (FSR) of the etalon was 2 GHz. The calculated linewidth of ECLD for full width at half maximum (FWHM) was ranging from 4 ∼ 8 MHz and that of DFB laser was 4 ∼ 7 MHz, respectively for the duration of 3 hours. Note that the linewidth is sensitive and depends on the conditions such as acoustic noise and thermal vibrations. That the spectral distribution of the diode lasers was well described with Gaussian function. Then, in order to know the frequency resolution of THz spectrometer, we can well estimate the linewidth of diode laser by full width at quarter maximum (FWQM). The FWQM linewidth of the ECLD was 2.5 ∼ 4 MHz and that of DFB laser was 2.5 ∼ 3.5 MHz, respectively. Thus it is concluded that the estimated linewidth of the THz wave for FWQM was < 8 MHz. The centre frequency fluctuation of the diode lasers were within 4 MHz and thus the frequency drift of generated THz waves were estimated to be within 8 MHz. The generated CW THz waves were collected by a pair of off-axis parabolic reflectors and detected with a Si bolometer, cooled to 4.2 K. The Si-bolometer was calibrated with a black body source at 350 o C. Black polyethylene film was used to filter out near-IR radiation. The THz wave signal was measured with lock-in amplifier. It is known that the THz wave power stability is dependant on the input diode lasers power stability and overlapping efficiency of the two near-IR beams. A transmission spectrum of water vapor from 1.5-3 THz was measured. Water vapor is one of the main atmospheric constituents, especially near the earth surface. The THz wave power spectrum was measured and the resonance frequencies of the water vapor were observed in the frequency range from 2 THz to 2.5 THz under room temperature (298 K) and atmospheric pressure conditions by automatically tuning the DFB laser temperature at a fixed phasematching angle. The wavelength of the DFB laser was tuned from 1058.246-10560.043 nm by changing the temperature of DFB laser diode from 10 -39.6 C deg. Figure 12 (a) shows the water vapor transmission spectrum of THz wave. It is seen that several water vapor absorption lines occur at THz resonance frequencies with FWHM of a few GHz order and every single line of water vapor absorption can be clearly resolved. The thick lines indicate the data from NASA data base [32] . Determining the THz frequency by measuring the wavelength of the pump and signal beams is not sufficiently accurate. The THz frequency was calibrated by using the resonance frequencies of water vapor absorption lines.
We also measured the absorption spectrum of white polyethylene (PE) in the frequency range from 1.97-2.45 THz under room temperature (298 K) and atmospheric pressure conditions. Dry air is purged to eliminate the water vapor absorption in the path of the THz wave. The spectral peak at 70 cm -1 (2.1 THz) is known as B 1u translation lattice vibration mode of the orthorhombic polyethylene crystal [33] . Such low frequency lattice vibration arises from weak H .. H atom interactions forming a PE crystal lattice. The PE sample has dimensions of 5 mm thickness, 10 mm width 15 mm long. The Si-bolometer window contains an edge type white polyethylene. The dimensions of the wedge on the poly window are, the thick side is 2.032 mm and the thin side is about 0.762 mm. So in order to accurately obtain the absorption coefficient of PE sample, we considered the absorption of the wedge type polyethylene window inside the Si-bolometer. We measured the absorption spectrum of wedge on poly of the bolometer by using a pulsed THz wave spectrometer system based on pumping with Cr: forsterite lasers. Figure 12(b) shows the absorption spectrum of white polyethylene in the frequency from 1.97-2.45 THz. The data analysis was done by cancelling the absorption effect of the wedge type polyethylene window inside the Si-bolometer. The B 1u translation vibration mode of white PE is resolved to be 2.203 THz. Note that the linewidth of the THz wave source estimated to be < 8 MHz. The B 1u vibration mode of the PE is very sensitive to the deformation direction. It is shown that the polarization THz measurements are helpful for non-destructive diagnosis of polymer chains in deformed ultra-high molecular weight polyethylene (UHMWPE) [34] . This CW THz spectrometer has potential application to precisely resolve the vibration mode of the PE crystals with respect to the crystal deformation. Also, this narrow linewidth frequency tunable THz wave source has potential applications in high resolution spectroscopy for investigating resonance properties of various materials.
Conclusion
Continuous-wave (CW) and frequency tunable coherent THz radiation was successfully generated at room temperature based on laser diode pumping via excitation of phononpolariton in GaP crystal. The pump and signal laser sources were an ECLD and a DFG lasers. A two fiber amplifier system was implemented to separately amplify the optical power of the pump and signal lasers respectively. Two methods to improve the generated THz wave output power was proposed and investigated. In order to achieve improved output power, the effects of beam divergence, the effective interaction length in noncollinear mixing and also the absorption in the nonlinear optical crystal must be considered. A high resolution terahertz (THz) spectroscopic system with an automatic scanning control using the CW THz wave generator was constructed. The frequency of THz waves was tuned automatically by changing the temperature of the DFB laser using a system control. The power and frequency stability of the diode lasers were studied. The water vapor transmission characteristics of the THz wave and also absorption spectrum of white polyethylene were investigated. The advantage of our CW THz wave system is its very wide frequency tunability with narrow line width and it has potential applications in high resolution spectroscopy.
